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Maize is an important food crop in most parts of the world including the United
States. The plants growing in the field are constantly challenged with various biotic
stresses like insect herbivores and fungal pathogens. The physical wounds produced on
the growing crops by the insects render the plants more vulnerable to the fungal
pathogens. Hence developing both insect and fungal resistant maize varieties is crucial to
benefit more from the harvest. Several studies have been in advance in this direction and
as a consequence insect, in particular lepidopteran larve resistant maize genotype Mp708
and Aspergillus flavus resistant genotype Mp313E were developed.
This study particularly focuses on understanding the functional involvement of
the major phytohormones in the signal transduction and expression of the unique defense
protein, Maize insect resistance 1-cysteine protease (Mir1-CP) shown to accumulate in
response to herbivory by lepidopteran larvae, Spodoptera frugiperda (Fall armyworm,
FAW) as a defense mechanism. Using a pharmacological approach involving exogenous
hormone and hormone inhibitor treatments and analyzing the expression and
accumulation of Mir1-CP protein and mir1 transcript by immunoblot and qRT-PCR


analysis respectively, both JA and ET were found to be involved in mediating Mir1-CP
accumulation with JA acting upstream of ET. Results also indicate that Mir1-CP
accumulation involves both transcriptional and post-transcriptional (or post-translational)
regulations.
A different part of the study involved in understanding and evaluating the
performance of Aspergillus flavus on the resistant and susceptible maize genotypes
during infection. As of part of this study I also analyzed and compared the defense
response offered by the resistant maize genotype, Mp313E and the susceptible genotype,
Va35 by looking at the expression levels of the various defense related genes. The
potency of the resistant maize genotype in sustaining the fungal infection in the field was
of particular focus. Resistant maize genotype Mp313E was found to potentially oppose
A.flavus proliferation and colonization and also delay aflatoxin biosynthesis unlike Va35.
The up regulation of the maize defense genes during the early time points of infection, in
Mp313E, indicate the potential role of these genes in conferring resistance against fungal
pathogens.
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CHAPTER I
INTRODUCTION- INSECT RESISTANCE OF MAIZE

Plants are a major kingdom of living organisms, and most higher plants are
sessile, thereby, leading their entire lives in the same environment. Plants have been
constantly challenged by a variety of chewing, sucking and piercing insects over millions
of years. In return plants have been responding to insect herbivory by exhibiting diverse
defense strategies involving expression, accumulation or secretion of various proteins.
The expression of these defense responses may take anywhere from minutes to years,
depending on the type of the plant, the reaction time, environmental conditions and many
other features (Turning et al. 1998). A major mode of defense response shown by plants
has been the release or increased accumulation of protease inhibitors, cell wall proteins,
lectins, oxidative enzymes or enzymes catalyzing the production of secondary products
all in a desparate attempt to hinder insect growth by decreasing the nutrient availability
(Halitschke et al. 2000; Bergey et al. 1996; Constabel et al. 1999). A second mode of
defense response is believed to be secretion of secondary metabolites, which are
potentially toxic to the infesting herbivores, forcing them to fall of the plants or suffer
harm. A completely different mode of defense offered by plants is the release of volatiles
in an attempt to attract other predators or parasitoids which might eventually harm the
attacking herbivores (Bergrey et al. 1996; Halitschke et al. 2000). Though several studies
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have been conducted on elucidating and understanding the plant-herbivore defense
mechanisms in dicotyledonous plants (Stout et al. 1994; Schaller and Ryan 1996;
Stramann and Ryan 1997; Ryan and Pearce 1998; Scheer and Ryan 1999; Ryan 2000)
fewer instances have been reported involving interactions between insect herbivore and
monocot plants (Turlings and Tumlinson 1992; Turnings et al. 1995; Rose et al. 1996; De
Mores et al. 1998; Pare et al. 1998; Stettner et al. 2000; Lait et al. 2003; Engelberth et al.
2004). Development in this direction has been undertaken by the research scientists at
Mississippi State University and USDA-ARS Corn Host Plant Research Unit at
Mississippi State University.
This present study aims at understanding the defense mechanism underlying the
expression and accumulation of the novel maize insect defense protein Mir1-CP. Mir1CP is a unique 33-KDa cysteine protease that is constitutively expressed in the insect
resistant maize (Zea mays L.) genotype, Mp708 and is observed to rapidly accumulate in
the whorls in response to herbivory by Spodoptera frugiperda and other Lepidopteran
larvae (Davis et al. 1988; Pechan et al. 2000). The uniqueness of the protein and the
defense mechanism of Mp708 genotype is attributed to the fact that in most other plant
species, fall armyworm larval feeding causes the accumulation of a cysteine protease
inhibitor rather than a cysteine protease at the feeding site (Ryan 1990). Mir1-CP protein
has been observed to be constitutively expressed in healthy plants and increased
accumulation occurs within 1 hour of infestation in the yellow-green mid-whorl region
where the larvae feed the most and continues to increase in abundance for up to 7 days
after larval infestation (Pechan et al. 2000; Pechan et al. 2002). As mentioned above, the
accumulation of Mir1-CP occurs more rapidly than other insect-induced plant defense
2

proteins which generally take 8 to 12 hours for expression (Ryan 2000). In contrast to the
increased accumulation of the protein in response to wound or herbivory, the mir1
transcript levels were not found to increase (Shivaji et al. 2010) until at least 24 hours
post infestation. These findings have raised several questions to be answered. To this end,
the objectives of this study were to elucidate the factors involved and their role as well as
deciphering the signal transduction pathway involved in the expression and accumulation
of both mir1 transcripts and Mir1-CP protein.

LITERATURE REVIEW

Maize (Zea mays)
United States is the largest producer of maize in the world with an overall
production of 9 billion bushels in 2003 and an average yield of 130 bushels per acre
(http://nue.okstate.edu/Crop_Information/World_Wheat_Production.htm). Maize is a
vital food crop for both humans and animals all over the world. Besides being a food and
feed crop, it is also used for extracting and producing ethanol and starch at industrial
levels. Taxonomically, maize is placed in the Gramineae family. The seeds of the plant
are monocotyledonous and maize plant itself is monoecious with both male and female
reproductive system observed in each single plant. The male inflorescence is represented
by the tassel at the top of the stem and the female inflorescence by the ear at the base of
each branch. The beginning of the general life cycle of maize is represented with a
vegetative stage when the young plant germinates from the seed and gradually develops,
producing aerial leaves referred to as V-stages; V2, V3…V8 and so on. The appearance
3

of the tassel at the shoot tip marks the entry into the reproductive stage followed by the
emergence of silks from the ears and is referred to as R-stages. Mature pollen from the
tassels is dispersed and carried by wind, lands on the long silks and gets entrapped in the
silk trichomes leading to self pollination when pollen is of the same plant or cross
pollination when the pollen is from a different plant. The spatial separation of the sexual
organs of the maize plant has made conventional genetic breeding practices in the crop
extremely favorable where the plant breeders can very easily control self and cross
pollination.
Being an important food crop, scientists have constantly been developing maize
for better yields, increased resistance to drought and other abiotic stresses, male
cytoplasmic sterility, and enhanced resistance against insect and fungal infections. Cross
breeding maize genotypes with the resistant genotypes having the desirable trait has been
in greater practice by conventional plant breeders trying to achieve above mentioned
objectives. Since pests or insects are a major form of biotic stress, research in the area of
developing insect resistant maize genotypes has been in wide range practice. Though,
conventional methods such as chemical and physical applications like pesticides and
insecticides have been in use to contain infections caused by the pests, they serve as
single generation and instantaneous control. Therefore, development of resistant
genotypes which can pass resistance generation after generation by heredity has gained
utmost importance. Molecular mapping techniques like QTL-mapping have also been
applied to identify genetic regions that confer resistance. Once such factors and genes
responsible for resistance have been identified, scientists can employ genetic engineering
methods to transform the plants with genes known to contribute resistance in the
4

susceptible lines and develop commercially important varieties that are now better
resistant.

Insect infestation and maize defense response
Insects while chewing on the plants release various chemicals via saliva. Plant
cells recognize these insect derived elicitors (Alborn et al. 1997; Korth and Dixon 1997;
Halitschke et al. 2001). Because of this ability, plants can discriminate between damage
done mechanically from those done by insect feeding and thereby respond differentially
depending on the type of stimuli. Such differential responses were shown by Arabidopsis
and potato in a study where the transcriptional changes of leaf genes in response to
lepidopteran larval damage differed from those caused by mechanical wounding by
forceps (Reymond et al. 2000; Korth and Dixon 1997). In response to these oral
secretions of chewing and sucking insect pests, plants not only trigger insect-defense and
wound-inducing genes (Korth and Dixon 1997) but also stimulate production of certain
volatile substances to attract other predators of the attacking herbivore (Alborn et al.
1997; Pare and Tumlinson 1997; De Mores et al. 1998; Schittko et al. 2001) and form
neoplasmic tissues to impede larval entry (Doss et al. 2000).
On the other hand typical phloem-feeding insects feed on the plants by
penetrating through plant epidermal and parenchymal cells, causing limited plant damage
(Miles, 1999). The defense response against phloem-feeding insects includes expression
of genes involved in resistance against bacterial and fungal pathogens (Fidantsef et al.
1999; Reymond et al. 2000; Moran et al. 2002; Zhu-Salzman et al. 2004). A wide range
defense response is exhibited by increase in cellular levels of salicylic acid (SA) which
5

eventually triggers expression and accumulation of pathogenesis-related (PR) proteins
(Wu et al. 1997; Chamnongpol et al. 1998).
Insect saliva has been found to contain several hydrolytic enzymes which serve as
elicitors of defense response for host plants (Miles 1999; Felton et al. 2001). Moreover,
insect saliva also specifically induces systemic acquired resistance (SAR) in host plants
(Sticher et al. 1997; Felton et al. 1999). Specific elicitors of the insect saliva also induce
octadecanoid (OD) pathway in plants which engages in releasing volatile compounds into
the atmosphere. In addition to stimulating the expression of several defense genes, the
OD pathway stimulates the synthesis and secretion of volatile substances which attract
parasitic organisms (Thaler 1999). Thus plants have adopted diverse mechanisms for
defense against various insect attacks.

Characteristics of mir1 and Mir1-CP
Proteome analysis comparing the insect resistant and susceptible maize genotypes
has lead to the identification and characterization of the unique defense protein Maize
insect resistance 1-cysteine protease, Mir1-CP (Pechan et al. 1999). The protein is
encoded by a single copy gene mir1 and has amino acid sequence similar to cysteine
proteases in the papain super family (Pechan et al. 1999). Proteases of the papain family
are synthesized as preproproteins which are later post translationally processed into
active forms. The molecular mass of mature Mir1-CP protein is 25.4 KDa (Pechan et al.
1999), but sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and mass spectroscopy predict a 33-KDa molecular mass suggesting that Mir1-CP may
be glycosylated. The 281-bp sequence of mir1 at its 3’ end is very unique and has no
6

amino acid sequence comparison match in the database. Of this 75-bp are found in the
coding sequence and the remaining 206 are in the 3’ untranslated region. The promoter
region of the mir1 gene consists of several consensus motifs including those of ethylene
and jasmonic acid response elements (Figure 1.1).

Figure 1.1

Consensus promoter motifs in mir1 promoter region.

Figure used with permission from a poster presentation by Pechan, T.

Mir1-CP is considered a unique defense protein in maize because most of the
insect defense proteins expressed by maize and similar plants are mostly cysteine
proteinase inhibitors such as the maize proteinase inhibitor protein MPI, which inhibit the
proteinases of the insect gut thus impairing nutrition. Mir1-CP on the other hand is a
cystein protease itself and is believed to digest the protective lining called peritrophic
matrix (PM) of the insect gut causing harm to the insect nutrition and growth (Mohan et
7

al. 2005). The defense protein Mir1-CP is believed to be degrading the specific PM
protein called insect intestinal mucosa (IIM). This naturally occurring plant cysteine
protease possesses remarkable toxicity against insect pests and synergizes Bacillus
thuringiensis toxin (Mohan et al. 2008). Upon herbivory, Mir1-CP is found to be
accumulated in vascular tissues of the maize plant (Lopez et al. 2007). Also the Cterminal has similarities with viral movement proteins from citrus tatter leaf and apple
stem-grooving virus (Figure 1.2). The study suggests that Mir1-CP protein is translocated
from roots to leaves in response to insect herbivory to fortify defense. Hence it is a
powerful defense protein that can be introduced into commercial varieties to increase
resistance. This demands prior understanding of the factors involved in mediating the
signal transduction pathway leading to eventual induction and expression of the protein.

Figure 1.2

Sequence comparison of C-terminal amino acid sequence of Mir1-CP.

Alignment of C-terminal amino acids from Mir1-CP (a) viral movement proteins from
the citrus tatter leaf virus (b) and apple stem-grooving virus (c). Identical amino acids are
shown in bold print and conservative amino acids are underlined. Alignment was done
using Vector NTI AlignX (Invitrogen). The accession numbers for A, B, and C are
AAB70820, BAA03352, and AAP80758

Major phytohormones and their role in defense
Jasmonic acid (JA) and ethylene (ET) are the major phytohormones most often
reported to be involved in mediating the expression of various proteins in plants. JA or
8

its volatile methyl ester (MEJA) has been reported to stimulate ET production in several
plants including tomato (O’Donnell et al. 1996), tobacco (Xu et al. 1994) and
Arabidopsis (Penninckx et al. 1998). Although observed to occur at a much lower
frequency, ET has also been reported to stimulate JA production (O’Donnell et al. 1996).
In contrast to these sequential activations, concomitant activation of JA and ET response
pathways mediate the induction of the defensin gene in Arabidopsis (Penninckx et al.
1998). Irrespective of the sequence of activation, ET and JA appear to interact
synergistically in the majority of defense responses (Xu et al. 1994; O’Donnell et al.
1996, Laudert et al. 1998; Lorenzo et al. 2003; Zhao et al. 2004). However, ET has also
been shown to function antagonistically to suppress JA-induced gene expression in
nicotine biosynthesis (Shoji et al. 2000) and in wounded leaves of Arabidopsis (Rojo et
al. 1999). Although the ET- and JA-regulated defense pathways have been extensively
studied in the model plant Arabidopsis and other dicots, far less is known about their role
in regulating direct herbivore defenses in monocots, especially maize. This study
examines the interaction of these two phytohormones in regulating herbivore defense in
an insect-resistant maize inbred line, Mp708.
It has previously been established that ET synthesis and perception are essential
for the accumulation of Mir1-CP and its transcript in response to herbivory in Mp708
(Harfouche et al. 2006). Blocking ET synthesis or inhibiting ET perception reduced the
accumulation of Mir1-CP and its transcript mir1 in response to insect herbivory
(Harfouche et al. 2006) and increased plant susceptibility to FAW as shown by the high
relative larval growth rate and increased foliar damage (Harfouche et al. 2006).
However, ET signaling often depends on a complex relationship with JA. With the
9

establishment of the role of ET signaling and the suggested systemic induction of Mir1CP accumulation in roots in response to foliar herbivory, we predicted a possible role of
JA in the accumulation of the unique defense protein, Mir1-CP. Thus investigating and
understanding the roles of JA and ET in the induction of Mir1-CP protein and its
accumulation during the early hours of herbivory is critical to understanding the defense
mechanism of insect resistant maize genotype, Mp708.

10
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CHAPTER II
EXPRESSION OF MAIZE DEFENSE PROTEIN MIR1-CP AND THE SIGNALING
INVOLVED

ABSTRACT
In plants, ethylene (ET) and jasmonate (JA) control the defense responses to
multiple stressors, including insect predation. Among the defense proteins known to be
regulated by ET, is maize insect resistance 1-cysteine protease (Mir1-CP). This protein is
constitutively expressed in the insect resistant maize (Zea mays) genotype Mp708;
however its abundance significantly increases during fall armyworm (FAW, Spodoptera
frugiperda) herbivory. Within 1 h of herbivory by FAW, Mir1-CP accumulates at the
feeding site and continues to increase in abundance until 24 h without any increase in its
transcript (mir1) levels. To resolve this discrepancy and elucidate the role of ET and JA
in the signaling of Mir1-CP expression, the effects of phytohormone biosynthesis and
perception inhibitors on Mir1-CP expression were tested. Immunoblot analysis of Mir1CP accumulation and qRT-PCR examination of mir1 levels in these treated plants
demonstrate that Mir1-CP accumulation is regulated by both transcript abundance and
protein expression levels. We also report that JA functions upstream of ET in Mir1-CP
expression pathway, allowing for both low level constitutive expression and a two stage
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defensive response; an immediate response involving Mir1-CP accumulation and a
delayed response inducing mir1 transcript expression.

INTRODUCTION
Ethylene (ET) and jasmonate (JA) are widely studied phytohormones observed to
accumulate in plants in response to wounding, pathogen and herbivore attack as well as
other biotic and abiotic stresses (Creelman et al. 1997; Wang et al. 2002). Both hormones
have been shown to mediate various defense responses either individually or
coordinately, including induced systemic resistance (Dong et al. 1998; Maleck et al.
1999; Adie et al. 2007). In addition to integrating with each other, ET and JA act
coordinately with other plant hormones including salicylic acid (SA) and abscisic acid
(ABA) through a complex network to induce a myriad of defense responses (Lorenzo et
al. 2003; Lorenzo et al. 2005; Xu et al. 1994; Veselov et al. 2003; O’Donnell et al. 1996).
However, the mode of interaction of JA and ET varies depending on the elicitor that
triggers the signal transduction, the target gene that is expressed, and the plant species.
JA or its volatile methyl ester (MEJA) has been reported to stimulate ET
production in several plants including tomato (O’Donnell et al. 1996), tobacco (Xu et al.
1994) and Arabidopsis (Penninckx et al. 1998). Although observed to occur at a much
lower frequency, ET has also been reported to stimulate JA production (O’Donnell et al.
1996). In contrast to these sequential activations, concomitant activation of JA and ET
response pathways mediate the induction of the defensin gene in Arabidopsis (Penninckx
et al. 1998). Irrespective of the sequence of activation, ET and JA appear to interact
synergistically in the majority of defense responses (Xu et al. 1994; O’Donnell et al.
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1996; Laudert et al. 1998; Lorenzo et al. 2003; Zhao et al. 2004). However, ET has also
been shown to function antagonistically to suppress JA-induced gene expression in
nicotine biosynthesis (Shoji et al. 2000) and in wounded leaves of Arabidopsis (Rojo et
al. 1999). Similarly the phytohormone salicylic acid has been shown to be antagonistic to
both JA and ET (Doares et al. 1995; Iverson et al. 2001; Spoel et al. 2003). Regardless of
the order of induction, the balance of these two phytohormones is critical in the defense
response and their coordination is potentially unique in every plant species, and
additionally, may be specific within a species for each pathogen or insect (Pieterse et al.
2007).
Successful defense, although mediated by these signal molecules, depends on
both constitutive and induced defense mechanisms (Buell 1998; Mauricio et al. 1997).
Constitutive defenses are present whether or not plants are attacked by pathogens or
herbivores, while induced defenses are produced only after attack, or are produced in
greater amount after attack (Buell 1998; Mauricio et al. 1997). Both types of defense
mechanisms are costly for the plant due to the diversion of nitrogen and carbon from
vegetative and reproductive growth to effective defense responses (Baldwin et al. 1999).
Thus, plants must maintain a balance between vegetative growth and constitutive defense
to maintain maximum fitness; inducible defenses are assumed to compromise plant
fitness less because they only require plant resources after pathogen or herbivore assault
(Agarwal 1998). By balancing constitutive and induced defense responses the plant may
combat insect predation without sacrificing vegetative growth and reproduction.
Although the ET- and JA-regulated defense pathways have been extensively
studied in the model plant Arabidopsis and other dicots, far less is known about their role
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in regulating direct herbivore defenses in monocots, especially maize. This study
examines the interaction of these two phytohormones in regulating herbivore defense in
an insect-resistant maize inbred line, Mp708. This line was developed to withstand
herbivory by the FAW and other lepidopteran caterpillars. The germplasm used in
breeding Mp708 originated in Antigua, where farmers probably selected it for resistance
to several insect pests. Multiple trait analysis and QTL mapping have shown that several
genes known to confer resistance to several lepidopteran insects and related pests have
been successfully bred into Mp708 (Brooks et al. 2007). Thus, Mp708 possesses typical
maize fitness traits and the additional trait of maintaining readiness for resisting insect
attack. It appears to achieve this, in part, by constitutive expression of the maize insect
resistance-1-cysteine protease (Mir1-CP), whose locus lies in the resistance QTL to FAW
(Jiang et al. 1995; Brooks et al. 2007). Mir1-CP is encoded by a single copy gene mir1
located on chromosome 6 of the maize genome (Pechan et al. 1999), which is
constitutively expressed at low levels and increases upon herbivore infestation (Pechan et
al. 2000). When infested with FAW larvae, increased Mir1-CP accumulation occurs at
insect feeding site (Pechan et al. 2000). Once ingested, the proteolytic activity of Mir1CP damages the insect’s peritrophic matrix impairing nutrient utilization (Chang et al.
1999; Pechan et al. 2002, 2004; Mohan et al. 2006; Mohan et al. 2008). Although Mir1CP accumulates in the leaves and whorl region by as early as 1 to 4 h in response to
herbivory (Pechan et al. 2002), corresponding increase in the mir1 transcript levels has
not been observed during these early time points (Shivaji et al. 2010). It has been
proposed that the accumulation of Mir1-CP in the whorl during the first 24 h of foliar
feeding by FAW is due to its importation from the roots (Lopez et al. 2007). This was
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supported by immunolocalization data indicating that Mir1-CP is present in maize
vascular tissues and that root removal prevents Mir1-CP accumulation in the whorl
(Lopez et al. 2007). It was suggested that herbivore feeding in the whorl caused the
transmission of a signal to roots resulting in the below-ground accumulation of Mir1-CP
and its subsequent export to the caterpillar feeding site (Lopez et al. 2006).
It has previously been established that ET synthesis and perception are essential
for the accumulation of Mir1-CP and its transcript in response to herbivory in Mp708
(Harfouche et al. 2006). Blocking ET synthesis or inhibiting ET perception reduced the
accumulation of Mir1-CP and its transcript mir1 in response to insect herbivory
(Harfouche et al. 2006) and increased plant susceptibility to FAW as shown by the high
relative larval growth rate and increased foliar damage (Harfouche et al. 2006).
However, ET signaling often depends on a complex relationship with JA. With the
establishment of the role of ET signaling and the suggested systemic induction of Mir1CP accumulation in roots in response to foliar herbivory, we predicted a possible role of
JA in the accumulation of the unique defense protein, Mir1-CP. Thus, the present study
was conducted to investigate the roles of JA and ET in the observed increased
accumulation of Mir1-CP in the absence of increased mir1 transcript levels during the
first 24h of herbivory. We therefore, employed a pharmacological approach involving
hormones and hormone inhibitors treatment to investigate the role of JA signaling and its
interaction with ET in regulating Mir1-CP accumulation.
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MATERIALS AND METHODS

Plant growth and FAW rearing
The insect resistant maize inbred line Mp708 (Williams et al. 1990) was used for
this study. All plants were grown at the Plant Science Research Center, Mississippi
Agricultural and Forestry Experiment Station (Mississippi State University) under
greenhouse conditions. Seeds were soaked in sterile water for 5-10 min and washed
thoroughly before sowing. Four seeds were placed together in potting soil (Bacto
Premium Potting Soil, Michigan Peat Company, Houston, TX, USA) in each pot and
were collected together as one single biological replicate. Three such biological replicates
were analyzed for each treatment of the experiment and each experiment was repeated
twice. Plants were maintained in greenhouse at a maximum day temperature of 33.1°C
and a minimum night temperature of 26.3°C and watered as needed. Four to five weeks
old plants in mid-whorl (V8) developmental stage (Ritchie et al. 1986) were selected for
FAW infestation and/or hormone treatment. FAW (Spodoptera frugiperda) larvae were
provided by the USDA-ARS Insect Rearing Laboratory, Starkville, MS. FAW were
reared in 30-ml plastic insect diet cups (Bio-Serv, Frenchtown, NJ, U.S.A.) for 5 days
under a photoperiod of 16:8 at 26.6oC on an artificial diet (Davis, 1976, 1989). This
corresponded to the third instar larvae stage when each larva weighed approximately 1012 mg. As described below this stage was used for plant infestation experiments.
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Hormone and Hormone inhibitor applications
Effect of exogenous ET was studied by spraying plants with 50 ml of 3 mM 2chloroethylphophonic acid (CEPA), commercially available as Ethephon (C0143, SigmaAldrich Chem. Company Inc., St. Louis, MO, USA). The concentration of CEPA (3 mM)
used in these studies is an intermediate dosage compared to 1 mM and 10 mM
concentrations used in studies conducted in apple seedlings (Poupard et al. 2003). ET
perception was blocked using 1-methylcyclopropane (MCP), commercially available as
Ethylbloc (Floralife, Waterloo, SC, USA). The Ethylbloc solution was prepared at a final
concentration of 5 mg/l by dissolving 450 mg of the Ethylbloc powder in 9 ml of the
releasing buffer supplied by the manufacturer (Harfouche et al. 2006). A beaker
containing this solution was placed within a 3’ × 1’ × 1’ plexiglass chamber that enclosed
a pot containing four plants as described in Harfouche et al. (2006). MEJA was supplied
as vapors to study the expression of Mir1-CP in response to induced JA signaling. MEJA
(Bedoukian Research Inc., Danbury, CT, USA) was diluted 10-fold with ethanol to make
a 10% MEJA stock (vol/vol) stored at -20oC and a fresh working solution of 0.01%
(vol/vol) was prepared with sterile water as needed. A beaker containing 50 ml of 0.01%
MEJA solution was placed within the plexiglass chamber and the plants were exposed to
the MEJA for a period of 6, 12 or 24 h and tissue samples were collected as described
previously. To block the JA biosynthesis pathway, 1, 3 and 5 mM of ibuprofen solutions
(I1892, Sigma-Aldrich Chem. Company Inc., St.Louis, MO, USA) or a 1 mM SA in the
form of sodium salicylate (13316, Sigma-Aldrich Chem. Company Inc., St. Louis, MO,
USA) solution were sprayed on the leaves (Molina et al. 1993).
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Insect infestation and sample collection
After the plants were exposed to the respective hormone treatments, they were
either harvested immediately or subjected to insect infestation. For insect infestation
seven to eight larvae, each weighing approximately 10-12 mg, were carefully placed in
the whorls of the plants, and the plants were covered with the previously described
plexiglass chambers. After 24 h, the FAW larvae were collected and relative growth rate
was calculated as RGR = (total final weight – total initial weight) / average weight per
day (Waldbauer 1968). Tissue from the yellow-green midwhorl region was collected after
hormone, hormone inhibitor and FAW treatments, immediately frozen in liquid nitrogen,
and stored at -80oC for later analyses. Four biological replicates were performed and
collected for each treatment and each experiment was performed twice. In FAW infested
plants, whorl tissue within a 1 cm radius of insect damage was also collected and
processed. All plants, unless otherwise mentioned, were maintained intact in soil until
time of collection.

Protein extraction and immunoblot analysis
For protein extraction, frozen whorl tissue from each treatment and control
were thoroughly ground in liquid N2 using a mortar and pestle. A total of 2X Laemmli
SDS sample buffer (Laemmli 1970) was added to the ground sample and homogenized.
Thawed homogenates were boiled in water for 5 min, vortexed and centrifuged at 13,000
x g for 5 min to remove cellular debris. The supernatants containing the dissolved
proteins were collected and stored at -20oC for further analyses. Total protein
concentration in each sample was determined by RC DCTM protein quantification assay
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(Bio-Rad Laboratories, Hercules, CA, USA) using BSA as standard. The isolated protein
samples were separated on a 12% polyacrylamide gel using a discontinuous buffer
system (Laemmli 1970). A total of 15 μg of protein was loaded in each lane except for
the positive control. For positive control, 2 μg of total protein extract from callus
generated from Mp708 embryos was used. Mp708 callus tissue has been shown to
constitutively over-express Mir1-CP (Jiang et al. 1995). All gels were run in duplicate at
a constant voltage of 50 V for 45 min followed by 70 V until the tracking dye reached the
bottom of the gel. After SDS-PAGE was complete, proteins were transferred to
nitrocellulose membranes using an ABN Polyblot system (American Bionetics, Hayward,
CA, USA). Following transfer the membrane bound proteins were immunodetected using
primary monoclonal antibodies against Mir1-CP prepared as in Pechan et al. (2000),
using a secondary HRP-conjugated goat anti-mouse antibody. The enhanced signals from
immunoreacting proteins were detected by chemiluminescence using Supersignal West
Femto Maximum Sensitivity Substrate (34096, Pierce, Rockford, IL, USA).

RNA extraction, quantification and analysis
Using a ball-mill tissue grinder, Genogrinder 2000 (Spex Centriprep Inc.,
Metuchen, NJ, USA) 100 mg of each frozen tissue sample was pulverized for 2 min at
1100 strokes/min in polyET vials prechilled with liquid nitrogen in an aluminum block
within a cryo-station (Spex Centriprep Inc., Metuchen, NJ, USA). To the ground sample
1 ml of Purazol (Bio-Rad Laboratories Inc., Hercules, CA, USA) was added before an
additional 30 sec of homogenization on the Genogrinder. The homogenized samples were
processed for total RNA using the Aurum Total RNA fatty and fibrous tissue pack (Bio24

Rad Laboratories Inc., Hercules, CA, USA) as per the manufacturer’s protocol. Briefly,
after application of the supernatant on-column DNase I digestion is performed to remove
genomic DNA contamination and the resulting RNA is eluted using the RNA elution
buffer provided with the extraction kit. Aliquots of purified RNA samples were stored
for further analyses at -80oC.
All RNA samples were quantified using a Nanodrop Spectrophotometer ND-1000
purchased from NanoDrop Technologies, Inc. (Thermo Fisher Scientific Inc., USA) and
RNA quality was visually inspected by 1.0% agarose gel electrophoresis. A total of 500
ng of RNA was used as template for first strand cDNA synthesis using the Thermoscript
RT-PCR system (Invitrogen Corporation, Carlsbad, CA, USA). Differential mRNA
expression was quantified and analyzed by Real-time PCR performed on Roche
Lightcycler 2.0 PCR instrument (Roche Applied Science, Indianapolis, IN, USA) using
the Lightcycler Fast start DNA MasterPLUS SYBR Green I kit (Roche Applied Science,
Indianapolis, IN, USA). The final reaction mix consisted of 1 μl of cDNA sample,
corresponding to 25 ng of total RNA, and 9 μl of the PCR master mix to make a final
reaction volume of 10 μl. The qRT-PCR was performed individually using specific
primer pairs for each target gene studied (Table 2.1). Two technical replicates were run
for each gene along with the reference gene with the following cycle parameters:
preincubation for 10 sec at 95oC, followed by 45 cycles of amplification (denaturation:
95oC for 10 sec, annealing: 60oC for 10 sec [64oC for 5 sec for mir1], extension: 72 for 5
sec [9 sec for mir1]). The specificity of the amplified product was checked by analyzing
the melting curves and by agarose gel electrophoresis. A non-template negative control
was run with each set of samples to ensure there was no significant interference of primer
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dimers with the product amplification or fluorescence detection. Standard curves were
derived from the analysis of different sequential fold dilutions of the most highly
concentrated cDNA samples for each particular gene and efficiencies were calculated
(Pfaffl 2001, Rasmussen 2001). The expression (concentration) of target genes in each
treatment sample was quantified relative to that of the reference gene using the
mathematical model proposed by Pfaffl (2001). Statistical analysis for these data was
done by a mixed model analysis of variance using the MIXED procedure of SAS.

Table 2.1

Primer pairs used for qRT-PCR analysis.

RESULTS

Exogenous ethylene or methyl jasmonate induce mir1 transcript and Mir1-CP
accumulation in leaves
Previous studies with ET synthesis and perception inhibitors have shown that ET
has a role in the regulation of Mir1-CP accumulation (Harfouche et al. 2006). To further
investigate the possible role and interaction of JA, maize plants were treated with
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exogenous ET or methyl jasmonate (MEJA) and leaf samples were collected 0, 6, 12 and
24 h after treatment. Immunoblot analyses with total protein extracts showed that
exogenous ET increased Mir1-CP accumulation 6 h after treatment (Figure 2.1A).
Accumulation of Mir1-CP appeared to peak at 6 h and slightly lower levels were detected
at both the 12 h and 24 h time points. Similarly, immunoblot analysis of MEJA treated
plants revealed increased Mir1-CP accumulation at 6 h. Unlike during ET treatment
levels of Mir1-CP appeared to increase with time during the MEJA treatment (Figure
2.1B); mimicking the plant response to FAW feeding (Figure 2.1C). Clearly, both ET and
MEJA treatments positively contribute to the accumulation of Mir1-CP. However, when
qRT-PCR examinations of the mir1 transcript levels were performed under these same
conditions, no increase was detected until 24 h after ET or MEJA treatment (Figure 2.2A
and 2.2B). In addition, prior investigations indicated that mir1 transcript levels did not
significantly increase during the first 24 h of herbivory (Shivaji et al. 2010). To validate
the observed difference in transcript and protein expression of Mir1-CP, transcript levels
of the maize proteinase inhibitor, mpi (Accession No: X78988) also were examined.
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Figure 2.1

Effect of exogenous hormone treatment and FAW herbivory on Mir1-CP
protein accumulation.

Mir1-CP accumulation in response to exogenous ethylene, ET (A), methyl jasmonate,
MEJA (B), and fall armyworm feeding, FAW (C). Plants were sprayed with 3 mM 2chloroethylphosphonic acid (CEPA) which releases ET (A) or with MEJA (B) and
samples were collected from the whorl region after 0,6,12 and 24 h. Samples were also
collected from untreated control plants after 0, 6, 12 and 24 h of feeding by fall
armyworm (C). Immunoblot analysis was carried out using antibodies developed against
Mir1-CP. Protein isolated from callus generated from Mp708 embryos, was used as
positive control and 15 μg of total protein extract was loaded in each lane. The molecular
mass of Mir1-CP is 33 kDa as indicated by the arrow in the left margin.
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Figure 2.2

Effect of exogenous hormone treatment on the expression levels of mir1 and
mpi transcripts.

Effects of exogenous ET and MEJA on the RNA levels of mir1 (A, B) and mpi (C, D)
transcripts. cDNA was isolated from leaf tissue collected from the whorl region of
Mp708 plants treated with ET or MEJA as described in Figure 1. qRT-PCR analysis was
performed using ubiquitin RNA levels to normalize the target gene RNA expression. The
data represented are mean values with error bars (± SD, n=6).

Maize proteinase inhibitor (MPI) is a well-characterized defense protein that
accumulates by as early as 4 h after mechanical wounding or damage by insectivores or
pathogens (Cordero et al. 1994). Previous examinations of mpi have established that its
transcript levels increase in response to MEJA (Cordero et al. 1994). Although the
effects of ET on mpi transcript levels have not been previously reported, ET has been
reported to increase transcript levels of several related proteinase inhibitors (Margossian
et al. 1988). Therefore, relative mpi transcript abundance also was measured in the ET
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and MEJA-treated samples to determine if they were regulated in manner similar to those
of mir1. As seen in Cordero et al. (1994) mpi transcript levels increased in Mp708 in
response to MEJA, as well as in response to ET, by as early as 6 h (Figure 2.2C and
2.2D), unlike the mir1 transcript levels which remained unchanged until 24 h. These
comparative qRT-PCR studies of mpi transcript accumulation substantiate our findings of
unchanged mir1 transcript levels in response to MEJA and ET treatment during early
time points of the study.

Jasmonate biosynthesis inhibitors reduce Mir1-CP accumulation in maize leaves in
response to larval damage
To confirm the observed role of JA signaling pathway in the induction of Mir1CP accumulation, varying concentrations (1, 3 and 5 mM) of the lipoxygenase inhibitor
ibuprofen (IBU) were applied to maize plants to block the JA biosynthesis pathway.
Several similar studies in rice, barley, soybean, and maize have been performed to
investigate JA and MEJA induced genes using IBU (Nojiri et al. 1996, Oikawa et al.
2001, Ortel et al. 1999, Staswick et al. 1991). Twenty-four hours post IBU treatment;
plants were infested with six to eight FAW larvae. Samples were collected after 24 h of
insect predation and analyzed by immunoblotting to determine Mir1-CP expression
patterns. Relative to the control plants, Mir1-CP accumulation was reduced at all IBU
concentrations, with the greatest inhibition seen with 5 mM IBU (Figure 2.3).
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Figure 2.3

Effect of jasmonate pathway inhibitor IBU on Mir1-CP accumulation in
Mp708 challenged with FAW herbivory.

Effect of IBU on Mir1-CP accumulation in response to FAW feeding. Plants were
treated with 0, 1, 3 or 5 mM IBU for 24 h and then infested with FAW larvae for another
24 h before sample collection. Immunoblot analysis was carried out using antibodies
raised against Mir1-CP. Protein isolated from callus generated from Mp708 embryos,
was used as positive control and 15 μg of total protein extract was loaded in each lane
Blocking hormone signaling reduced mir1 transcript levels and increased insect
predation
To determine if JA and ET act synergistically, production of mir1 message and
larval performance during whorl predation were studied in the presence of hormone
inhibitors (Figure 2.4). Although the effect of ET inhibitors alone on mir1 transcript
levels have been previously studied (Harfouche et al. 2006), their effect in association
with JA inhibitors has not been tested. To investigate any probable interaction of the ET
and JA pathways in the mir1 induction, plants were pretreated with either 1methylcyclopropane (MCP, commercially available as Ethylbloc) to block ET perception,
IBU to block the JA pathway, or both for 24 h prior to FAW larval infestation. One set of
plants was treated with1 mM salicylic acid (SA) for 24 h. SA has been reported to inhibit
the biosynthesis of JA and its signaling pathway in tomato plants by potentially inhibiting
the enzymatic activity of 13S-hydroperoxide dehydrase (Peña-Cortés et al. 1993, Doares
et al. 1995). In the same study SA was shown to significantly inhibit the induction of
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proteinase inhibitor genes in tomato in response to JA. However, in a different study, JA
and SA have been observed to produce similar inducing effects on a different
lipoxygenase ZmLOX10 (Nemchenko et al. 2006) indicating JA and SA are not always
antagonistic.

Figure 2.4

Effect of hormone inhibitors on feeding induced mir1 RNA expression and
larval growth rate.

Effect of hormone inhibitors on feeding induced mir1 RNA expression (A), larval growth
rate (B) in Mp708. FAW were allowed to feed for 24 h on plants treated with JA pathway
inhibitors IBU or SA, ethylene perception inhibitor MCP as well as on plants treated
simultaneously with MCP and IBU or MCP and SA as mentioned in the experiment. The
control was a set of untreated plants subjected to larval infestation for 24h. qRT-PCR was
performed to detect mir1 transcripts (A). The larvae were weighed before and after foliar
predation and the relative growth rate (RGR) was calculated according to Waldbauer’s
equation (1968); RGR = (total final weight – total initial weight) / average weight per day
(B). The data represented are mean values with error bars (± SD, n=6).
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After 24 h of FAW feeding, mir1 transcript levels in the inhibitor-treated plants
were significantly reduced relative to control samples (Figure 2.4A). The mir1 transcript
levels decreased three- to four-fold in response to MCP treatment similar to earlier
studies conducted by Harfouche et al. (2006). Blocking ET perception or the JA
biosynthesis pathway, or both equally reduced mir1 transcript levels, indicating both
signaling pathways are involved in its accumulation. Critically, blocking either of these
hormone pathways renders the maize plants susceptible to FAW larval feeding as seen by
the enhanced larval growth rate and increased leaf damage (Figure 2.4B and 2.5).
Although, treatment with both inhibitors did not significantly reduce transcript levels
more than the application of a single hormone, the significant increase in FAW growth
rate and leaf predation (Figure 2.4B and 2.5) clearly indicate a coordinated action of ET
and JA in the insect defense response shown by the maize genotype Mp708.
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Figure 2.5

Effect of hormone inhibitor treatment on foliar damage by fall armyworm
herbivory.

Effect of hormone inhibitors on foliar damage by fall armyworm herbivory. FAW were
allowed to feed for 24 h on plants treated with JA pathway inhibitors IBU or SA,
ethylene perception inhibitor MCP as well as on plants treated simultaneously with MCP
and IBU or MCP and SA as mentioned in the experiment. The control was a set of
untreated plants subjected to larval infestation for 24h. Foliar damage after herbivory is
represented as length of the damaged area, indicated by the numbers and arrows in the
figure.

Mir1-CP accumulates in the absence of jasmonate signaling pathway in response to
ethylene
To evaluate the relationship between JA and ET in the signaling of Mir1-CP
accumulation, the effect of exogenous ET in the absence of JA signaling was examined
(Figure 2.6). Maize plants were pre-treated with 5 mM IBU or 1 mM SA for 24 h before
the exposure to exogenous ET. Because the results with SA were similar to those of IBU,
they are not reported here. After 24 h of IBU treatment, plants were exposed to
exogenous ET for 6 or 24 h. Controls of ET, IBU and FAW feeding as well as untreated
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plants were collected at the same time. Additionally, to compare the expression of Mir1CP protein in the inhibitor-treated plants in response to FAW damage, a set of IBU pretreated plants were subjected to 24 h of larval feeding and collected. When the JA
pathway was blocked, Mir1-CP levels decreased as when compared to control plants, as
seen in the IBU-treated plants. In fact, 24 h of FAW herbivory on IBU-treated plants
failed to induce Mir1-CP (Figure 2.7A) and mir1 transcript accumulation (Figure 2.7B).
However, a subsequent application of ET for 6 h partially reversed the effects of IBU and
resulted in increased Mir1-CP expression (Figure 2.7A), but the same treatment did not
result in any significant increase in mir1 transcript levels (Figure 2.7B). This indicates
that ET can stimulate the accumulation of Mir1-CP in the absence of JA-signaling and
probably functions downstream from JA to regulate Mir1-CP accumulation. But this is
not necessarily the case for mir1 transcript levels, which did not increase in response to
ET treatment in the presence of IBU. However, ET treatment for 24 h resulted in
increased mir1 transcript levels both in the control and IBU-pretreated plants, but the
levels were not as high as those when plants treated with ET alone (Figure 2.7B). This
suggests that prolonged ET treatment can overcome the effects of the IBU block of the
JA pathway and cause the accumulation of Mir1-CP and its transcripts.
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Figure 2.6

Effect of JA inhibitors on ethylene induced Mir1-CP accumulation.

Effect of JA inhibitors on ethylene induced Mir1-CP accumulation. Plants pretreated with
5 mM IBU or 1 mM SA for 24 h were further subjected to treatment with ET (3 mM
CEPA) for 6 h or FAW feeding for 24 h before sample collection. Also a set of plants for
each single treatment, IBU (24 h) or ET (6 h) or FAW feeding (24 h) was also collected.
For all time periods during all experiments when the plants were not treated with any
hormone or inhibitor, the plants were treated with sterile water. Control plants were
treated with sterile water thoughout the experiments. Tissue was collected from the whorl
region. Immunoblot analysis of Mir1-CP accumulation was carried out using total protein
extract.

Figure 2.7

Effect of JA inhibitors on ethylene induced mir1 transcript levels.

Plants pretreated with 5 mM IBU or 1 mM SA for 24 h were further subjected to
treatment with ET (3 mM CEPA) for 6 h or FAW feeding for 24 h before sample
collection (A). In a separate experiment, plants pretreated with 5 mM IBU or 1 mM SA
for 24 h were further subjected to treatment with ET for 24h or FAW feeding for 24 h and
tissue samples were collected (B). Control plants were treated with sterile water
thoughout the experiments. Tissue was collected from the whorl region. qRT-PCR was
carried out using cDNA to quantify mir1 transcript abundance. Ubiquitin was used as the
reference gene for relative quantification of qRT-PCR data. The data represented are
mean values with error bars (± SD, n=6).
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MEJA treatment has no effect on mir1 transcript and Mir1-CP protein levels in
ethylene perception blocked Mp708 plants
To investigate if JA alone can induce mir1 transcripts or Mir1-CP in the absence
of ET signaling, plants pretreated with MCP for 24 h were subsequently treated with
MEJA for 24 h. Exogenous MEJA application was capable of increasing the
accumulation of both mir1 transcript and Mir1-CP levels in the control plants but not in
the MCP pre-treated plants (Figure 2.8A and 2.8B).

Figure 2.8

Effect of inhibition of ethylene perception on MEJA induced accumulation
of Mir1-CP and mir1 transcripts.

MEJA induced accumulation of Mir1-CP (A) and mir1 transcripts (B) when ethylene
perception was inhibited. Plants were treated with MCP in buffer or with buffer alone for
24 h and then were treated with either MEJA or sterile water for additional 24 h. Plants
pretreated with releasing buffer followed by 24 h sterile water treatment were used as
control plants. Tissue was collected from the whorl region and immunoblot analysis was
carried out with 15 μg of total protein loaded in each lane (A) and mir1 transcript
abundance was quantified using qRT-PCR analysis (B). Ubiquitin was used as the
reference gene for normalization of qRT-PCR data. The data represented are mean values
with error bars (± SD, n=6).
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DISCUSSION
Plants, which exhibit a sessile lifestyle, encounter numerous microbial and insect
pests. Although these pests are armed with a diverse array of strategies to damage plants,
plants are in turn equipped with a myriad of defense mechanisms to protect themselves
from these attacks. These various defenses can divert energy resources, reducing the
overall fitness of the plant. Therefore, elaborate regulatory mechanisms to balance static
(constitutive) defenses and active (induced) defenses and minimize fitness costs while
optimizing resistance are needed (Agarwal 1998, Pieterse et al. 2007). One such defense
strategy is exhibited by the insect-resistant maize genotype Mp708.
The caterpillar-resistant maize genotype Mp708 expresses the defense protein
Mir1-CP in response to lepidopteran larval predation. Low levels of Mir1-CP are
constitutively expressed in Mp708 plants, but higher levels of the protein accumulate at
the wound site in response to feeding by lepidopteran larvae (Pechan et al. 2000).
Although Mir1-CP accumulation increases within a few hours of insect infestation
(Pechan et al. 2000), transcript levels have not been found to increase commensurably
(Shivaji et al. submitted). To understand this apparent discrepancy between protein and
transcript levels and to elucidate the signal transduction pathway of this protein, we
investigated the role of two defense-signaling phytohormones in the regulation of Mir1CP expression.
ET biosynthesis and perception are necessary for Mir1-CP accumulation and any
disruption of this pathway results in increased susceptibility to FAW (Harfouche et al.
2006). Alternatively, this defense response could be induced by exogenous ET treatment
(Figure 2.1A). Similarly, exogenous MEJA application increased Mir1-CP
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accumulation. Plants pre-treated with JA pathway inhibitors and challenged with FAW
accumulated less Mir1-CP, in a dose dependent manner, confirming the involvement of
the JA pathway in Mir1-CP accumulation (Figure 2.3). Blocking ET and JA pathways
singly or simultaneously resulted in an equal reduction of mir1 transcript levels (Figure
2.4A) and increased FAW larvae consumption of foliage and growth rates (Figure 2.4B
and 2.5). These results suggest a coordination of the ET and JA pathways.
ET has been shown to function antagonistically to suppress JA-induced gene
expression in nicotine biosynthesis (Shoji et al. 2000) and JA-responsive genes JR1 and
JR2 in wounded leaves of Arabidopsis (Rojo et al. 1999). However, concomitant
activation of ET and JA pathways is seen in expression of pdf1.2 in Arabidopsis during
pathogen infection (Penninckx et al. 1998). In addition to acting coordinately, it is
possible that sequential activation of one hormone by the other is possible. Several
instances have been reported where JA signaling induced ET production, which
subsequently mediated defense gene expression. One example of this is the production of
defensive phenolic compounds by polyphenolic parenchyma cells in conifer phloem
(Hudgins et al. 2004). ET functioning upstream of JA appears to be far less common but
is still a mechanism that must be considered (O’Donnell et al. 1996).
In the case of Mir1-CP expression, it appears that ET functions downstream from
JA. Evidence for this is that plants pre-treated with IBU to block the JA synthesis
pathway were unable to accumulate Mir1-CP in response to FAW feeding for 24 h.
However, when these plants were exposed to ET for 6 h, Mir1-CP accumulated in the
absence of larval feeding (Figure 2.6). Although mir1 transcript levels were still
suppressed at 6 h in these plants, they increased after 24 h of ET treatment suggesting
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that ET can overcome the block imposed by IBU-treatment (Figure 2.7A and 2.7B). This
suggests that blocking the JA signaling pathway prevents the normal ET signal
transduction leading to Mir1-CP accumulation. Other data supporting this is gleaned from
Mp708 plants pre-treated with MCP. As shown here (Figure 2.8) and by others
(Harfouche et al. 2006), MCP-treated plants were unable to accumulate significant levels
of mir1 transcripts or Mir1-CP in response to FAW feeding even when they were treated
with MEJA (Figure 2.6A and 2.6B). This appears to rule out the possibility of JA and ET
acting simultaneously.
ET-dependent accumulation of Mir1-CP does not appear to depend on increased
mir1 transcript levels. This suggests that post-transcriptional or post-translational
regulation accounts for the rapid increase in Mir1-CP abundance. We propose that the
constitutively expressed mir1 transcripts await a secondary signal mediated by ET for
eventual expression of Mir1-CP. Similar regulation is observed in the E17 gene of tomato
plants, which is both transcriptionally and post-transcriptionally regulated by ET (Lincoln
et al. 1988a and 1988b). In the investigation of E17 it was reported that basal levels of
ET are sufficient to activate gene expression, while increased levels of ET are required
for post-transcriptional modification resulting in subsequent transcript accumulation
(Lincoln et al. 1988a and 1988b).
In light of these observations, we propose a possible signal transduction pathway
detailing the interaction of the two major phytohormones ET and JA, and the inhibitors
studied, in the regulation and induction of Mir1-CP (Figure 2.9). The signaling pathway
is initiated by herbivory and the release of unknown elicitor, which stimulates the JA
pathway and transduces responses downstream via ET. ET regulates both mir1 transcript
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and Mir1-CP accumulation. Therefore, the defense response involving Mir1-CP
production is two-pronged with a constitutively maintained active pathway for the
expression of relatively high basal levels of mir1 transcripts and a rapid induction and
accumulation of Mir1-CP mediated by ET. A constitutively active JA pathway has been
shown to be responsible for the expression of several defense related genes including
vsp1, vsp2, thi2.1, pdf1.2 and chi-b in the cev1 mutants of Arabidopsis (Ellis et al. 2001).
The existence of a second mode of regulation provides a rationale for the previous
results observing Mir1-CP accumulation at the wound site within 1 h of larval infestation
(Pechan et al. 2002). This rapid accumulation of the defense protein is many times faster
than that of other plant defense proteins, which require both transcription and translation
for expression and can require 8 to 12 h for maximum expression (Ryan 2000).
Therefore, we speculate that the insect resistant maize genotype Mp708, which has high
endogenous JA levels (Shivaji et al. submitted), constitutively expresses mir1, which is
then post-transcriptionally or post-translationally regulated by ET leading to the
accumulation of Mir1-CP at the feeding site.
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Figure 2.9

Proposed signal transduction pathway for the expression and accumulation
of Mir1-CP protein in insect resistant maize genotype Mp708.

In the figure, positive regulation or induction is represented by ‘+’ and negative
regulation or inhibition is represented by ‘-’.

This molecular model of Mir1-CP regulation can be superimposed with a spatial
model for defense signaling in Mp708. Immunolocalization indicated that low levels
Mir1-CP are present in the vascular elements of the maize whorl and roots prior to
herbivory (Lopez et al. 2007). After 24 h of FAW feeding in the whorl, Mir1-CP levels
increase in both of these organs. If the roots are excised prior to FAW feeding far less
Mir1-CP accumulates in the whorl (Lopez et al. 2007). These observations lead to a
model in which FAW feeding sends a signal, possibly JA, to the roots that results in the
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accumulation of Mir1-CP. Then, in turn, Mir1-CP may be exported to the whorl during
the initial stages of FAW feeding. This hypothesis of Mir1-CP translocation from the
roots appears to explain the lag between the rapid accumulation of Mir1-CP and the
delayed increase in its transcripts. Although it has not yet been established, we suspect JA
could be responsible for the long distance signaling that triggers mir1 transcript
accumulation not only the feeding site but also in parts of the plant systemic to the wound
site as observed by Lopez et al. (2007). This would allow for subsequent translocation of
the protein to the wound site.
Determination of the molecular components mediating this defense response and
characterization of the interactions among these signaling pathways is essential for
enhancing resistance to herbivores. Our study therefore helps better understand the
signaling events leading to insect defense in maize and exemplifies the strategic potency
of the plants to survive herbivory.
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CHAPTER III
INTRODUCTION - FUNGAL RESISTANCE OF MAIZE

In addition to insect herbivores and pests, fungal pathogens are a major biotic
stress encountered by the plants during their life time. Fungal pathogens not only cause
severe damage to the crop but also pose severe health hazards to human and animals
unlike the insect damage. Fungi produce toxic substances called mycotoxins during
infection of the crop and if consumed by humans and animals can be detrimental.
Aspergillus is an anamorphic fungal genus comprised of about 250 known species.
Aspergillus flavus is a serious plant pathogen belonging to section Flavi of this genus
(Frisvad et al. 2005). A. parasiticus is also another commonly observed plant pathogen in
the United States but is less abundant than A. flavus. Though A. flavus has been isolated
from soils of all major biomes, it grows predominantly in the warm temperature regions of
latitudes 26-35° (Klich 2002). Contamination of the field crops with the fungus is mainly

associated with high temperature and drought stress (CAST, 2003). Soil studies of A.
flavus have shown that they are more concentrated in crop soils than in forest or prairie
soils (Angle & Wagner 1980; Horn 2005) indicating their threat to field crops.
Pathogenesis of A. flavus is different for each variety of crops it infects. In corn it
commonly causes an ear rot while in peanuts, it causes a seedling disease named yellow
mold of seedling and in tobacco, a disease called ‘aflaroot’ characterized by inhibition of
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the root hair development (Maren 2007). It causes ball rot in cotton affecting the quality
of the product (Klich & Lee 1982). During infection and successful proliferation of the
fungus on the crop, aflatoxins are produced which continue to accumulate even after crop
maturation until the grain is harvested and eventually consumed (Cotty 1994a). These
aflatoxins are both carcinogenic and mutagenic and target the organ liver. Both biotic and
abiotic factors contribute and enhance the chances of infection of the crop with fungus
(Cotty 1997). Drought stress induces increase in the basal cellular levels of proline in
plants (Barnett & Naylor 1966) which has been shown to enhance aflatoxin production
(Payne et al. 1983). Additionally, drought disables the healthy plants capacity to produce
antimicrobial compounds called phytoalexins which help in defense mechanism being
toxic to the attacking organisms (Dorner et al. 1989; Maren 2007). While abiotic stresses
like drought and severe temperature weaken the plant, biotic stresses cause mechanical
wounds and offer points of easy entry into the plant tissue for the fungal pathogens.
Mechanical wounds caused by such insect herbivores and pests damage the physical
barriers to the fungal infestation which are a major line of defense offered by the plants.
Therefore a comprehensive and combined approach of developing crop varieties resistant
to both insects and fungi is essential. In view of this understanding the defense
mechanisms of plants against both insects and fungi and identifying any common factors
or pathways involved in the two different defense responses is very helpful.
The health hazards posed by aflatoxins and fungal spores create an urge to
develop fungal resistant crop varieties and this can be achieved by understanding the
plant-pathogen interactions in detail and identifying the potential factors conferring
substantial resistance. In the present study we have made an attempt to understand the
51

plant-pathogen interactions by comparing the performance of pathogen A.flavus on
previously established resistant and susceptible maize genotypes as well as understanding
the differences in the defense responses shown by the different host plants. Such studies
will lead to development of potential markers of resistance and aid the geneticists and
plant breeders in developing more resistant commercial crop varieties.

LITERATURE REVIEW

Aspergillus flavus
Genus Aspergillus was identified and included in kingdom fungi in 1729, and
includes a variety of species that are adapted to various environmental conditions (Wilson
et al. 2002). The genus Aspergillus is taxonomically included under the class of
Deuteromycetes, which are also referred to as “Fungi Imperfecti”. The common mode of
reproduction in Aspergillus is asexual reproduction and occurs through formation of
asexual spores known as conidia (Raven et al. 1999). Conidiphores are observed in the
fungi when the mycelium is young and vigorous and in turn produces conidia. The
conidiophores are long, erect hyphae that terminate in bulbous head, the vesicle, which
are covered with sterigmata. Each conidiophore is believed to produce up to 50,000
conidia which are otherwise called spores (Gourama and Bullerman, 1995). Sclerotia,
compact hard masses of mycelia are also produced by certain Aspergillus spp., to live
through unfavorable conditions in the environment and proliferate on return of favorable
conditions (Wicklow, 1983).
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Though most of the Aspergillus species are soil fungi or saprophytes living on
dead and decaying substances, they are also capable of infesting and causing decay of
seeds during post-harvest storage and invade plants, humans and animals causing various
damages and diseases (Wilson et al. 2002). They can cause fatal diseases such as bovine
mycotic abortion in animals, aspergillosis, fibrosis and cancer in humans (Gourama et al.
1995). In addition to the growing fungus itself, the major causative factors of several
mutagenic or carcinogenic diseases in humans and animals are the toxic secondary
products called mycotoxins produced by these fungi. The potential toxigenic nature of
Aspergilli was first observed in the year 1960 when greater than 100,000 turkeys died in
England due to a disease which was then called Turkey X-disease (Goldblatt, 1969). The
causative agent of the disease and death was later identified to be Aspergillus flavus and
the toxin it produced was named aflatoxin. A variety of crops such as maize, sweet
potato, peas, millet, peanut, wheat, rice, sorghum, barley, and oat are known to be
contaminated with aflatoxin. Viable spores of A. flavus occur more in air than in soil and
are more prevalent in temperate regions while those of A. parasiticus are common in
warmer environments and more concentrated in soil. Hence while A. parasiticus is a
common pathogen of crops such as peanuts, A. flavus is the frequently damaging fungus
found in maize crop (Gourama et al. 1995).

A. flavus infection of maize
Maize (Zea mays L.) is an economically very important food crop as it is a staple
food for a substantial proportion of the world population. United States is proudly the
largest contributor of the world maize production (U.S Department of Agriculture, 1999).
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However, aflatoxin contamination of maize causes a major damage of the crop
particularly in the southern part of the country, where the crop often experiences hot and
dry spells (Scott et al. 1988). Abiotic stresses challenging the maize crop in these regions
such as low soil moisture (drought or water stress), heat stress, high daytime and night
temperatures favor the growth of A. flavus (Miller et al. 1994).
As a control measure to check the fungal contamination, several pre-harvest and
post-harvest strategies have been employed. These include chemical and physical
detoxification of grain, improved agricultural and biological control practices, control of
crop damaging herbivorous insects with effective application of pesticides and
insecticides, developing host-plant resistance, and identification of resistant wild maize
genotypes (Windstrom et al. 1987; Scott et al. 1990). Discovery of naturally resistant
wild maize varieties showing relatively greater resistance to both A.flavus infection and
subsequent aflatoxin accumulation has led to development of commercial maize
genotypes with enhanced resistance by plant breeding techniques and genetic engineering
(King and Scott, 1982; Scott and Zummo, 1988; Widstrom et al. 1987; Campbell and
White, 1995). Advance in this direction is the development of several resistant inbreds by
the research geneticists and scientists of USDA-ARS CHPRRU at Mississippi State
University, that exhibit significantly reduced aflatoxin accumulation upon encountering
fungal infection (Williams et al. 2001; Williams and Windham, 1998b; Scott et al. 1988;
1990; 1992). Some of these resistant genotypes are involved in the present study.
Identifying the candidate genes conferring the resistance and developing resistant
markers for easy screening of the resistant progeny is beneficial for the plant breeders.
Therefore genes found to be consistently associated with resistance are QTL mapped,
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sequenced and screened for SNPs. Such QTL mapping done on the population of the
cross between resistant line Mp313E and susceptible line B73 predicted regions
associated with A.flavus resistance on chromosomes 2 and 4 (Brooks et al. 2005).
Advanced high throughput technologies such as micro-arrays, proteomics and markerassisted selection breeding have accelerated the understanding of plant resistance and
plant-pathogen interactions to a significant level (Chen et al. 2004).

Aflatoxin and its biosynthesis
Aflatoxins are a group of closely related polyketide derived
bisdihydrofuranocoumarins, produced as secondary metabolites commonly by
Aspergillus flavus and Aspergillus parasiticus. These compounds are considered to be the
most toxic and carcinogenic among the known mycotoxins (Wogan, G.N, 1973; Busby
and Wogan, 1985; Campos, 1987; Bressac et al. 1991; Hsu et al. 1991; Yu et al. 2004).
They are of four major types – B1, B2, G1, and G2; letter type indicating the color they
fluoresce under ultraviolet light (B for blue and G for green) while the subscript number
refers to their chromatographic mobility pattern on a thin layer chromatography plate
(Figure 3.1).
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Figure 3.1

Chemical structures of different aflatoxin types.

M1 is aflatoxin M1 and is metabolite of aflatoxins found in the milk obtained from dairy
cattle. The figure has been obtained from the weblink http://www.dcu.ie/~best/
alfltox.htm with permission from the author

Toxicity of aflatoxin is attributed to its effect on cell nucleoproteins and nucleic
acids, further hindering the protein synthesis and cellular metastasis (Wogan, 1969). The
principal target organ for aflatoxins is the liver. After the invasion of aflatoxins into the
liver, lipids infiltrate hepatocytes and this leads to necrosis or liver cell death. As they
contaminate a variety of crops that are consumed by humans and animal and cause
serious health issues, and detrimentally affect a fragile agricultural economy these
compounds are heavily regulated. To minimize animal and human exposure to these
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mycotoxins the U.S. Food and Drug Administration has enforced a 20 ppb limit of
aflatoxin content in foodstuffs for human consumption. Similarly, in animal feeds, 20
ppb to 200 ppb are allowable depending upon the product usage (Park and Liang, 1993).
These strict restrictions imposed by FDA on aflatoxin cause an estimated loss in revenue
to be around 250-500 million dollars a year in the United States alone (Vardon 2003).
Other adverse economic effects of aflatoxins include lower yields for food and fiber
crops.

Aflatoxin prevention and detoxification are some of the most challenging

toxicology issues at the present time. Methods for controlling mycotoxins are largely
preventive and involve either pre-harvest or post harvest methods. The post harvest
methods include good harvesting, drying and storage practices (Lisker and Lillehoj,
1991), and decontamination using physical, chemical and biological processes (Herzellah
et al. 2008). While Pre-harvest methods include agronomic practices such as using
fungus-free seeds for planting, controlling insects and plant diseases, proper irrigation,
rotation of crops, (Ellis et al. 1991, Shantha et al. 1996); developing host resistance
through plant breeding, genetic engineering, use of biocontrol agents, and targeting
regulatory genes in mycotoxin development (Brown et al. 1999; Magan and Aldred,
2007). This is important because, Aspergilli colonization is favored during plant stress
(Darrah and Barry 1991) and the levels of aflatoxin increase with drought, heat, nitrogen
deficiency, as well as, increased stress from insects and weeds (Darrah and Barry 1991).
As part of this approach, serious research is being done by various scientists and
genetecists to understand the effect of fungal infection and identify the factors
contributing to the resistance offered by various crop varieties. Intense research is also
being done to understand the biosynthetic process of aflatoxin production.
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Some of the earliest work focused on aflatoxin B1 by using blocked mutants,
metabolic inhibitors, radioactively labeled precursors, gene disruptions and metabolic
feeding in bioconversion experiments. Till date, only a limited picture of the mechanism
initiating and controlling regulation has been constructed, implying that the regulation of
aflatoxin biosynthesis is extremely complex (Figure 3.2). However, the research has
enabled scientists to understand the proteins and genes involved in the biosynthetic
pathway which is represented in Figure 3.3 (Yu et al. 1995; 2004a; 2004b). Regulation
of aflatoxins has been studied extensively and four major environmental and nutritional
factors controlling aflatoxin production have been characterized; nitrogen source, carbon
source, temperature and pH. In addition to these factors developmental stage of fungus
seems to play a major role in aflatoxin biosynthesis. Efforts to obtain and develop a
complete picture of regulation of aflatoxin biosynthesis are complicated by the intense
interactions of nutritional and environmental factors (Buchanan and Stahl 1984; Keller et
al. 1997; Payne 1998; Payne and Brown 1998; Yu et al. 2003).
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Figure 3.2. Representation of the regulatory apparatus impacting aflatoxin biosynthesis.
The major inputs affecting the activity of the aflatoxin pathway specific regulator aflR are
shown, including developmental (FadA), nutritional, (AreA) and environmental (PacC)
regulators. An unknown temperature response element (TRE) is inferred from the effect
of temperature on the transcriptional and posttranscriptional control of AflR (Figure is
reproduced from the doctoral Thesis, 2005 of Price Michael Scott, with permission of the
author).
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Figure 3.3

Aflatoxin biosynthetic pathway and gene cluster.

Aflatoxin biosynthetic pathway genes cluster (A) and the aflatoxin biosynthetic pathway
(B). The vertical line represents the 82-kb aflatoxin biosynthetic pathway gene cluster
and sugar utilization gene cluster in A. parasiticus and A. flavus. Arrows in panel B
indicate the connections from the genes to the enzymes they encode, from the enzymes to
the bioconversion steps they are involved in, and from the intermediates to the products
in the aflatoxin bioconversion steps. This figure has been reproduced from the Yu et al.
2004 article, with permission from the author.
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Maize defense response against fungal infection
Maize in particular offers several lines and modes of defenses against invading
pathogen. Silks of maize are hypothesized to be the first line of defense against fungi
such as Fusarium and Aspergillus (Reid et al. 1995). Silks of the resistant maize genotype
GT-MAS:gk (Yellow Creole) have promisingly shown higher levels of a furfural
accumulation when compared to susceptible genotypes upon exposure to five-day old A.
flavus cultures (Zeringue et al. 2000). The age of the silks is believed to play a major role
in the entry and colonization of the fungus. Studies have shown that fungus initially infects
and colonizes the external young silks, then grows down the silk into the interior of the cob

and spreads itself in the kernel tissues and ear rachis (Munkvold, 2003; Payne, 1998).
Un-pollinated silks do not favor fungal contamination as they lack the nutrients otherwise
provided by the pollen (Payne, 1992). Dry brown silks are also not favorable for fungal
colonization as they lack sufficient moisture essential for the growth of the fungus
(Payne, 1998).
Not much is known about the fungal progression into the maize tissue after
inoculation into kernel. Many theories have been put forth to explain fungal entry and
proliferation in maize. The possible movement of A. flavus tagged with GUS (ßglucuronidase) fungus into the kernels also has been investigated (Brown et al. 1998).
Similarly, studies with Green Fluorescent Tagged (GFP)-tagged A. flavus have shown
significantly higher fluorescence in the pith of susceptible maize hybrids than in the pith
of resistant hybrid lines by as early as 24 h post inoculation (Magbanua, 2004). In a
different study, fungus inoculated into the cob, could be found throughout all rachis
tissue 28 days after inoculation (Smart 1990). In susceptible genotypes, fungus appeared
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to spread from kernel to kernel through vascular system of the rachis; whereas, in
resistant inbreds fungal growth appeared to stop in the rachis tissue (Alfaro, 1999). Maize
kernels are subjected to fungal infection by means of pollen tubes (Burow et al. 1997). A.
flavus utilizes the nutrients of the embryo, which is rich in high lipid content. The fungus
initially targets the starchy endosperm as initial carbon source and produces the
secondary metabolite aflatoxin detected in the maize kernels (Brown et al. 1999; Mellon
et al. 2000; Mellon et al. 2005).
Maize has been found to recognize A.flavus infection and respond by inducing the
expression of several pathogenesis related proteins called PR-proteins. Some of the common

PR proteins are chitinases, glucanases, endoproteinases, peroxidases, proteinase
inhibitors, thaumatin-related proteins and some small proteins such as thionins, defensins,
lectins and heveins. A protein called zeamatin, an antifungal protein permeabilizes the hyphal
membrane of the fungus and causes leakage of cytoplasmic contents leading to the cell death
(Roberts and Selitrennikofff, 1990). Ribosome inactivating proteins (RIPs) are a unique class
of defense proteins that bind to the ribosomes in the fungal tissue cells and eventually inhibit
protein synthesis. Certain maize genotypes resistant to A. flavus have been shown to express
high levels of RIPs (Mehta and Boston, 1998). Proteins such as trypsin inhibitor and PR-10

are upregulated in resistant maize lines in response to fungal infection and are antifungal
(Chen et al. 2002). Several new antifungal proteins have been identified in studies
involving fungal infection in germinating embryos (Campo et al. 2004). Stress-related
proteins such as aldose-ketose reductase, peroxidase, glyoxylase and heat shock proteins
are also believed to be involved in the defense mechanism in resistant lines.
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CHAPTER IV
RESISTANCE OF MP313E MAIZE GENOTYPE AGAINST ASPERGILLUS FLAVUS
INFECTION

ABSTRACT
Aspergillus is a mycotoxicogenic fungal genus and is particularly important
because of the various carcinogenic aflatoxins it produces while infecting various field
crops like peanuts and corn. Development of fungal resistant corn is therefore in demand
which inevitably asks for a reliable and reproducible method of tracking the
contamination and progression of fungus in field growing corn and also the performance
of both fungus and corn during infection. Several genes like ITS (internal transcribed
spacers) and 28s ribosomal DNA have been studied previously and methods based on
DNA amplification have been developed to identify and quantify the contaminating
fungal species. In this study, we employed a RNA based quantification method using
qRT-PCR to relatively quantify viable fungal tissue as well as compare the performances
of both host and pathogen at different time points after inoculation. Based on comparative
analysis of relative quantification levels, A.flavus seems to continue active proliferation
even after 2 dai (days after inoculation) in susceptible Va35 genotype unlike in Mp313E
where it is suppressed and reduced until around 7dai. Also study of the aflatoxin
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biosynthetic pathway genes suggests that onset of aflatoxin production is perhaps earlier
in susceptible Va35 maize genotype compared to the resistant counterpart.

INTRODUCTION
Aspergillus flavus is a serious opportunistic pathogen infecting a variety of
economically important crops such as maize, rice, cotton, and peanuts especially under
hot and dry conditions (Payne, 1998). Aspergillus fungi produce harmful toxins called
aflatoxins as secondary metabolites. A.flavus most commonly produces B1 and B2
aflatoxins (Ogundero V. W. 1987). Aflatoxins are polyketide-derived furanocoumarins
and are believed to be the most toxic and carcinogenic compounds among the known
mycotoxins (Yu et al. 2004 c). They are potentially hepatocarcinogenic and mutagenic to
both humans and animals (Bressac et al. 1991; Hsu et al. 1991; Wogan 1992). To control
the serious health disorders caused by consumption of infected crops, the FDA has
established aflatoxin limits of 20 ppb for human consumption and 20 ppb to 200 ppb for
animal feeds in the United States, while a more stringent 2 ppb limit exists in the
European countries (Park and Liang 1993, Mahoney and Molyneux 2004). These
regulations result in a direct loss of over 250 million dollars every year in maize related
revenues alone in the United States (Vardon et al. 2003; Richard and Payne 2003). In
order to reduce these losses, several efforts have been made to understand the
pathogenecity of Aspergillus, aflatoxin production and maize resistance (Abbas et al.
2002; Yu et al. 2002; Windham and Williams 2002; Bhatnagar et al. 2003; Bhatnagar et
al. 2004; Yu et al. 2004). As a result of these efforts several fungal resistant maize
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genotypes have been developed and released (Williams and Windham 2006; Williams
2006).
Such resistant lines have been shown to accumulate significantly lower levels of
aflatoxin compared to susceptible lines (Williams 2006; Bhatnagar et al. 2004; Abbas et
al. 2002; Windham and Williams 2002; Wicklow 1983). However, even in these resistant
plants, A. flavus when introduced into the healthy growing ears, the spores germinate and
produce aflatoxin (Magbanua, 2004). Several studies have been performed on the
progression and growth of fungus in wound-inoculated susceptible and resistant ears
demonstrating that fungus spreads from the site of inoculation or wound and within 28
dai can be found throughout entire rachis tissues (Smart et al. 1990). Similarly, studies
with Green Fluorescent Tagged (GFP)-tagged A. flavus have shown significantly higher
fluorescence in the pith of susceptible maize hybrids than in the pith of resistant hybrid
lines by as early as 24 h post inoculation (Magbanua, 2004). In this study, low levels of
GFP fluorescence were observed in the resistant lines which were more or less consistent
over time. These findings suggest that though the fungus sustains life even in these
resistant lines, its growth is perhaps somehow objected and arrested by resistance factors
in the ears (Magbanua, 2004) sometime along the course of infection.
High throughput microarray analysis performed on 2 dai corn samples from
Mp313E and Va35 has revealed differential expression of several genes (Kelley et al.
2009). Several of these genes are predicted to confer to the observed resistance of
Mp313E maize line and were QTL mapped in the same study. However the performance
of each individual candidate gene and its expression levels over various time points
during the course of infection would give a better idea of regulation and the mechanism
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of sequential response actions employed for resistance. Also the performance of the
fungus A.flavus during these time points can help understand the effect of the defense
responses on the fungal growth. Both, measure of fungal contamination as well as of
aflatoxin levels can be an estimate of fungal performance. Aflatoxin, being a secondary
metabolite, is preferably produced after healthy establishment of the pathogen on the
host. Therefore estimation of the levels of aflatoxin can indirectly give an estimate of
fungal performance on the host. Aflatoxin estimation studies in infected ears collected 63
days after silking have revealed that the aflatoxin levels were 1587 ppb in the susceptible
maize line Va35, nearly 24 fold higher when compared to the resistant Mp313E line
(Kelley et al. 2009). Similar results were previously observed in a study by Williams and
Windham (2002). However, whether the low levels of aflatoxin in the resistant genotype
compared to the more susceptible one is because of delay in aflatoxin production or due
to reduced aflatoxin production, is not known. Analysis of the expression levels of the
various genes involved in the biosynthesis pathway would perhaps provide a clue to the
actual scenario.
The aflatoxin biosynthesis pathway in Aspergillus fungus has been very well
characterized and most of the factors involved in the process are established today (Yu et
al. 1995; 2004 a, b). Aflatoxin biosynthesis pathway genes exist as a gene cluster
represented by a 70-kb DNA region containing 25 open reading frames (ORFs) or genes
and the functions or possible roles of most of these genes have also been reported (Yu et
al. 2004). Several regulators like AflR, AflJ, involved in the pathway have also been
reported (Chang et al. 1993; Payne et al. 1993, Meyers et al. 1998, Cary et al. 2006). The
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early pathway gene nor-1 mediates the first committed step in aflatoxin biosynthesis
pathway involving conversion of norsolorinic acid to averantin (Chang et al. 1992).
In the present study we have applied qRT-PCR to estimate the growth or increase
in fungal contamination over several days after inoculation of spores into healthy ears of
corn, by quantifying the expression levels of several established house-keeping genes.
Fungal resistant maize line Mp313E and susceptible maize line Va35 were used for
comparative studies. Expression profiles of various maize defense genes and important
aflatoxin biosynthetic genes were also analyzed to estimate the performance of both
pathogen and host over time.

MATERIALS AND METHODS

Experimental Design and Maintenance of Plants
The study was conducted on two maize inbred lines Va35 and Mp313E. Maize
line Va35 which is relatively susceptible to infection by A. flavus (Henderson 1976) has
yellow kernels whereas Mp313E released as a source of resistance to A. flavus (Scott and
Zummo 1990) is a white dent inbred line. Viable seeds of Va35 and Mp313E were
obtained from the United States Department of Agriculture, Agricultural Research
Service, Corn Host Plant Resistance Research Unit (USDA-ARS-CHPRRU) at the
Mississippi State University, MS. A randomized complete block arranged as a split plot
with three replications was the experimental design used with a treatment design of 2 x 2
factorial; two inbred lines (Mp313E and Va35) and two experimental treatments
(inoculated and un-inoculated). The main plots of the design contained the different
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maize genotypes and subplots were the inoculation treatments. Each row was 4 meters
long, spaced 0.97 meters apart with a fallow alley of 1 meter. All the primary ears were
prevented cross pollination by covering with tassel bags and ear silk shields. They were
later self-pollinated individually by hand. Plants were given thorough furrow irrigation
throughout the entire growing season to avoid any possible drought stress. Previously
tested herbicides and fertilizers (application based on soil tests) were applied for healthy
growth of plants.

Fungal spores for inoculation
A. flavus isolate chosen for source of fungal infection was NRRL 3357 (ATCC #
200026; SRRC 167), a wild-type strain, known producer of high levels of aflatoxin in
corn grain (Windham and Williams 2002). A. flavus was cultured on sterile corn cob grits
50 % (w/v) grit solutions of water, at 28°C for 3 weeks. Conidia developed after 3 weeks
were washed with 0.02% (v/v) Tween 20 (Sigma-Aldrich Co., USA) (polyoxyethylene
(20) sorbitol monolaurate) and filtered through sterile cheesecloth. Conidial
concentrations were calculated using a hemacytometer and diluted with sterile distilled
water to prepare 9 x 107 conidial stock ml-1 solutions to be used for preparing inoculum.
Conidial stock and inoculum were stored at 4°C until further use. Around 14 days after
pollination (14 DAP) primary ears of all plants of both maize lines were inoculated with
fixed volume of the prepared inoculum containing approximately 3 x 108 ml-1 A. flavus
conidial spores, using the side-needle technique (Zummo and Scott 1989). Uninoculated
controls were also maintained for each maize line.
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Tissue Collection
At several time points after inoculation, the primary ears of individual plants were
harvested manually. The time points of interest in the present study were 0, 1, 2, 3, 4, 7,
14 and 21 days after inoculation (DAI). While harvesting, ears were maintained on ice
until sampling. Undamaged kernels within one kernel radius around the inoculation site
were carefully collected from each corn ear (4 replicates for each time point). Samples
were wrapped in aluminum foil, labeled, flash frozen in liquid nitrogen and stored at –80
°C.

Primer designing
Gene sequences for the maize genes were downloaded from the NCBI nucleotide
database and for the A.flavus genes from the Broad Institute database
(http://www.broad.mit.edu/annotation/genome/aspergillus_group). Genes for both the
species were aligned using the DNAMAN software and primers were designed (Figure
4.1, 4.2 and 4.3). Species unique primers were designed in the non conserved regions or
the regions where the two species differed in the gene sequence so that the primers would
amplify the reference gene only in the species it is designed for (Figure 4.1, 4.2 and 4.3).
Primers designed using flavus DNA as the template would amplify the gene only in the
flavus cDNA and not in the maize and vice versa (Table 4.1 and 4.2).
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Figure 4.1

Alignment of the A.flavus Ubiquitin and Maize Ubiquitin sequences using
DNAMAN software.

Maize specific, A.flavus specific and common primers for amplification of the Ubiquitin
gene were designed at the sequence region shown by two-directional arrows in the figure.
The highlighted region in black is the consensus sequence in both species while the non
conserved regions are not highlighted.
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Figure 4.2

Alignment of the A.flavus Actin and Maize Actin sequences using
DNAMAN software.

Maize specific, A.flavus specific and common primers for amplification of the Actin gene
were designed at the sequence region shown by two-directional arrows in the figure. The
highlighted region in black is the consensus sequence in both species while the non
conserved regions are not highlighted.
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Figure 4.3

Alignment of the A.flavus Tubulin and Maize Tubulin sequences using
DNAMAN software.

Maize specific, A.flavus specific and common primers for amplification of the Tubulin
gene were designed at the sequence region shown by two-directional arrows in the figure.
The highlighted region in black is the consensus sequence in both species while the non
conserved regions are not highlighted.
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Table 4.1

Primer pairs for fungal genes studied
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Table 4.2

Primer pairs for maize genes studied

Additionally, another primer set named the common primer pair was designed in
the conserved regions where both species had the same gene sequence so that the primers
could amplify the gene in cDNA from either of the two species or in a mixture of cDNAs
from both the species (Table 4.3). This mixture would actually mimic the cDNA sample
extracted from an A.flavus infected field maize sample. To increase primer specificity and
for optimum primer performance a few nucleotide bases were slightly altered. Initially
seven different established normalization genes were considered for the study. After
thorough trials with the DNAMAN software, highly species specific primers could be
designed for only three genes namely Ubiquitin, Tubulin and Actin. The other primers
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initially considered for the study were Annexin, Glyceraldehyde phosphate
dehydrogenase (GAPDH), RNA polymerase II large subunit and TATA box binding
protein (TBP).

Table 4.3

Primer pairs for house-keeping genes designed to amplify in both species.

RNA extraction, quantification and analysis
Using a ball-mill tissue grinder Genogrinder 2000 (Spex Centriprep Inc.), one
single kernel from each frozen tissue sample was pulverized for a total of 4 min (in two 2
min intervals) at 1100 strokes/min in polyethylene vials pre-chilled with liquid nitrogen
in an aluminum block (cryo-block) within a cryo-station (Spex Centriprep Inc.,
Metuchen, NJ, USA). The vials along with the cryo-block were incubated for 5 min on
the cryo-station in between the two 2 min intervals to avoid thawing of the samples. To
the ground sample, 1.5 ml of Purazol (Bio-Rad Laboratories Inc., Hercules, CA, USA)
was added prior to an additional 1 min of homogenization on the Genogrinder. The
homogenized samples were processed for total RNA using the Aurum Total RNA fatty
and fibrous tissue pack (Bio-Rad) as per the manufacturer’s protocol. Briefly, after
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application of the supernatant, on-column DNase I digestion is performed to remove
genomic DNA contamination and the resulting RNA is eluted using the RNA elution
buffer provided with the extraction kit. Aliquots of purified RNA samples were stored
for further analyses at -80oC.
All RNA samples were quantified using a Nanodrop Spectrophotometer ND-1000
purchased from NanoDrop Technologies, Inc. (Thermo Fisher Scientific Inc., USA) and
RNA quality was visually inspected by 1.0% agarose gel electrophoresis. A total of 500
ng of total RNA was used as template for first strand cDNA synthesis using the
Thermoscript RT-PCR system (Invitrogen Corporation, Carlsbad, CA, USA). Differential
mRNA expression was quantified and analyzed by Real-time PCR performed on Roche
Lightcycler-480 PCR instrument (Roche Applied Science, Indianapolis, IN, USA) using
the Lightcycler Fast start DNA MasterPLUS SYBR Green I kit (Roche Applied Science,
Indianapolis, IN, USA). The final reaction mix consisted of 1 μl of cDNA sample,
corresponding to 25 ng of total RNA, and 9 μl of the PCR master mix to make a final
reaction volume of 10 μl. The qRT-PCR was performed individually using specific
primer pairs for each gene studied (Table 1). Two technical replicates were run for each
gene along with the reference genes. The specificity of the amplified product was
checked by analyzing the melting curves and visually by agarose gel electrophoresis. A
non-template negative control was run with each set of samples to ensure there was no
significant interference of primer dimers with the product amplification or fluorescence
detection. Standard curves were derived from the analysis of different sequential fold
dilutions of the most highly concentrated cDNA samples for each particular gene and
efficiencies were calculated (Pfaffl 2001, Rasmussen 2001). The expression
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(concentration) of target genes in each treatment sample was quantified relative to that of
the reference gene using the mathematical model proposed by Pfaffl (2001). Statistical
analysis for these data was done by a mixed model analysis of variance using the MIXED
procedure of SAS.

RESULTS

Validation of the performance of the various primer pairs designed to amplify
specific normalization genes
All the primers designed to amplify each specific house-keeping gene were
validated for specificity. The fungal specific primers for each of the house-keeping genes,
actin, ubiquitin and tubulin amplified a single product corresponding to respective fungal
gene in both fungal sample as well as fungal infected corn sample but did not give any
product in maize sample as expected, validating the specificity of the primers for fungal
genes (Figure 4.4A, 4.4B and 4.4C). Similar results were observed with maize primers
too, validating their specificity. The common primers for each house-keeping gene
designed to amplify both fungal as well as maize genes gave product in all three sample
types; maize, fungal and fungal infected corn (Figure 4.4A, 4.4B and 4.4C).
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Figure 4.4

Validation of primer performance by agarose gel electrophoresis.

PCR products of all the three types of primer pairs; fungal specific, maize specific and
common, designed for each of the three house-keeping genes studied were run on 1.5%
agarose gel to validate primers. All primers give a single band corresponding to the
expected product size. Species specific primer designed to amplify in one species does
not amplify target in the other species as desired and the common primer amplifies in
both species meeting the purpose.
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Optimizing the specificity of species specific and common primers for relative
fungal quantification
The common primers for each house-keeping gene designed to amplify both
fungal and maize gene were tested for equal specificity irrespective of species. To
evaluate this, first standard curve analysis was performed using several serial dilutions of
maize cDNA alone, fungal cDNA alone and mixed cDNA and the slopes of the graphs
determined by R2-equation were compared. The slopes are statistically same indicating
that the common primer amplifies gene of both species with equal affinity or specificity
(Figure 4.5A). This was further tested by taking flavus and maize cDNA samples having
equal concentration of a particular house-keeping gene and combining them in various
ratios (4:0, 3:1, 2:2, 1:3 and 0:4) such that all the final mixtures when amplified with the
common primer should have same concentration of the gene lest the common gene is not
equally specific for the two species in consideration. Irrespective of the ratio of cDNA
sample of either species in the cDNA mixture, the concentration of the gene as measured
by the common primer was the same and this was observed for each of ubiquitin, actin
and tubulin individually (Figure 4.5B, 4.5C and 4.5D). These findings further assure that
the common primers amplify the respective gene in both maize and fungus with equal
specificity. Tm Curve analysis reveals the amplification of two different products for the
same gene by the common primer, each corresponding to either maize or fungal tissue,
differing slightly in their Tms (Figure 4.6).
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Figure 4.5

Optimization of the specificity of common primers.

Equally concentrated fungal and maize cDNA samples (with respect to specific housekeeping gene in consideration and as determined by the common primer pair
amplification) were A) serially diluted and amplified by common primer (only Tubulin
primer results are represented here); or mixed in various ratios (4:0, 3:1, 2:2, 1:3 and 0:4)
and target concentration determined as Cp value by B) Actin common primer C) Tubulin
common primer and D) Ubiquitin common primer. In figure 2A, FM refers to a serial
dilution of a mixture of fungal and maize cDNA while F+M refers to series of mixtures
of each serially diluted fungal and maize cDNA.

86

Figure 4.6

Tm curve analysis of qRT-PCR products of ubiquitin common primer pair.

A fungal cDNA, a maize cDNA and a mixed cDNA containing both were each amplified
by ubiquitin common primer pair. As seen in the figure a single peak corresponding to
fungal ubq product is seen in fungal cDNA, a different unique peak for maize ubq is
observed in maize cDNA sample while in mixed sample the common primer amplifies
two different products each corresponding to fungal or maize ubq product as expected.

Differential growth progression patterns of Aspergillus flavus on resistant Mp313E
and susceptible Va35 maize genotypes
Fungal growth as measured by the quantification of the transcript expression of
the house-keeping genes, ubiquitin, tubulin and actin is significant in 1 dai samples and
increases by 2 dai. In the susceptible maize genotype Va35, the fungal growth continues
to increase until around 7 dai unlike in the resistant genotype Mp313E, where the plant
seems to oppose or suppress the fungal growth by as early as 3 dai (Figure 4.7A, 4.7B
and 4.7C). This suppression seems to continue until around 7 dai after which the fungus
seems to overcome suppression and continue progression and infection.
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Figure 4.7

Comparative analysis of A.flavus growth over time in Mp313E and Va35.

Relative fungal concentration with respect to maize concentration was measured by
quantifying the relative expression levels of the house keeping genes A) ubiquitin B)
actin and C) tubulin, over time points 1, 2, 3, 4, 7, 14 and 21 dai. The data represented are
mean values with error bars (± SD, n=6). Fungal contamination = F/M or F/FM where F
= expression levels of fungal house-keeping gene, M = expression levels of maize gene
and FM = expression levels of house-keeping gene as measured by common primer.

Defense responses shown by Mp313E and Va35 against A.flavus infection
Previous microarray studies by Kelley et al. (2009) showing the differential gene
expression by susceptible genotype Va35 and the resistant genotype Mp313E, 48 h post
fungal infection have identified a set of 236 significantly differentially expressed genes.
Some of the highly upregulated genes that have been mapped to known QTLs and those
that were identified by functional cluster analysis were selected and their expression
profiles were studied during the early time points of infection (0 dai to 4 dai) for
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comparison. The expression of these genes was normalized with the house keeping gene
actin. The genes analyzed by relative qRT-PCR quantification method are AW330774,
AW330850, BE129611 and BE128894. The basal levels of transcript expression of all
the four genes studied statistically same in both the genotypes as seen in 0 dai samples
(Figure 4.8A, 4.8B, 4.8C and 4.8D). In Mp313E, transcript levels of AW330850 and
BE129611 increase 2-fold by as early as 2 dai while that of AW330774 and BE128894
do not significantly change until around 3 dai when they increase more than 3-fold and
continue to accumulate to about 5-fold by 4 dai (Figure 4.8A, 4.8B, 4.8C and 4.8D).
However, the expression levels of these genes remain unaltered over time in Va35 except
for AW330774 which seems to increase more or less in a linear fashion similar to
Mp313E.
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Figure 4.8

Expression profile of various genes of aflatoxin biosynthesis pathway in
Mp313E and Va35 maize lines.

qRT-PCR analysis was performed on samples from 14 dai and 21 dai of both Mp313E
and Va35 maize lines to compare the expression of the genes A) veA, B) aflJ and C) aflR.
D) agarose gel electrophoresis representing the expression of the genes veA, aflJ, aflR
and nor-1 in the same samples. Actin was used as the reference gene for normalization of
qRT-PCR data. The data represented are mean values with error bars (± SD, n=6).

Expression of the aflatoxin biosynthetic genes during fungal infection on Mp313E
and Va35
To estimate the performance of the fungus on the two maize lines being studied,
the expression profile of several genes involved in aflatoxin biosynthesis were analyzed.
The pathway-specific transcription factors AflJ, AflR; global regulator of mycotoxins, Vea
and early pathway gene nor1 were studied. None of these genes including Vea were
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significantly expressed in Mp313E by 14 dai unlike in the Va35, where significant levels
of both Vea and AflJ transcripts were observed by as early as 14 dai (Figure 4.9A, 4.9B
and 4.9D). By 21 dai, the other pathway-specific regulator AflR and the early biosynthetic
gene nor1 accumulated to significant levels in Va35 maize line alone and not in Mp313E
(Figure 4.9C and 4.9D).

Figure 4.9

Differential expression of the predicted defense related genes in Mp313E
and Va35.

qRT-PCR analysis was performed on the 0, 2, 3 and 4 dai samples of both Mp313E and
Va35 maize lines to compare the expression of the genes A) AW330850 B) AW330774
C) BE128894 and D) BE129611. Actin was used as the reference gene for normalization
of qRT-PCR data. The data represented are mean values with error bars (± SD, n=6).
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DISCUSSION
Plants being sessile living beings fight to thrive in their environment when
challenged by pathogens during which course they happen to develop certain levels of
resistance over time. Identification of such resistance and resistant plants is very crucial
for the development of high yielding commercial crops. Mp313E is one such resistant
maize line observed to show relatively high resistance to fungal infection (Williams et al.
2006, Williams and Windham 2006). Development of such resistant lines and
identification of the factors contributing to resistance involves tracking the performance
of both host and the pathogen in the field.
In the present study we made a comparative analysis of the performance of
A.flavus on susceptible maize line Va35 and resistant Mp313E line by determining the
fungal contamination over time. A.flavus contamination around the site of inoculation
was estimated by quantifying the expression levels of house-keeping genes. A.flavus
spores when inoculated into mid-silk ears, germinate and fungus grows on the corn cob.
Though the fungal growth as determined by qRT-PCR increases in a similar fashion until
2 dai in both maize lines, it is impeded by as early as 3 dai and remains so until around 7
dai in Mp313E (Figure 4A, 4B and 4C). However, in Va35, A.flavus continues to grow
and proliferate in more or less a linear fashion until after 7 dai when any significant and
observable resistance is offered by the host. This difference in the progression of fungus
on the corn ear is of significant importance. It indicates the inefficiency of the fungus to
quickly establish itself on the resistant corn ear as well as potency of Mp313E maize line
in resisting A.flavus infection. Healthy establishment and propagation on the host is
believed to have a crucial role in the advent of the eventual pathogenecity of the fungus.
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Apparently, secondary metabolism is most often associated with fungal development.
Most secondary metabolites are produced after the fungus has completed its initial
growth phase or vegetative phase and is beginning to enter into a stage of development
marked by formation of spores called sporulation or conidiogenesis (Sekiguchi et al.
1977, Calvo et al. 2002, 2004). Hence any delay in initial establishment of the fungus
also delays accumulation of secondary metabolites.
A.flavus produces two major types of hepato-carcinogenic toxins called aflatoxins
(B1 and B2) as secondary metabolites (Ogundero V. W. 1987). According to a previous
study the aflatoxin levels in infected ears collected 63 days after silking were 1587 ppb in
Va35 which was about 24 fold higher when compared to similar samples of Mp313E
(Kelley et al. 2009). These low levels of aflatoxin accumulation in the resistant genotype
could be attributed to the delay in the establishment of fungus discussed earlier and the
consequent onset of secondary metabolism in the resistant Mp313E maize line. To
understand the scenario and to determine any possible effect of host resistance on the
onset of aflatoxin production, expression profiles of the major regulators and early genes
of aflatoxin biosynthesis pathway were analyzed.
Aflatoxin biosynthesis pathway has been well characterized and most of the
factors involved in the process are known today (Yu et al. 1995, 2004 a, b). Also pathway
specific regulators like aflR, aflJ, and global regulator like veA have been reported
(Chang et al. 1993, Calvo et al. 2004, Cary et al. 2006, Meyers et al. 1998, Payne et al.
1993). None of these pathway regulators were significantly expressed by 14 dai in
Mp313E as determined by qRT-PCR analysis (Figure 5A, 5B, 5C and 5D). In contrast,
both veA and aflJ were found significantly expressed by 14 dai in Va35. veA is the
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primary regulator of sclerotial production. A study in A.parasiticus, implicates the role of
veA in conidiation, production of resistant structures called conidia or spores and in
aflatoxin biosynthesis (Calvo et al. 2004). The study also suggests veA is required for the
expression of aflR and aflJ which in turn regulate the activation of the aflatoxin gene
cluster through a mechanism that is not yet completely understood (Calvo et al. 2004).
Similar role of veA has also been observed in A.flavus where it has been found to regulate
production of cyclopiazonic acid, aflatrem and aflatoxin along with sclerotial formation
(Duran et al. 2007). The aflR gene encoding for a sequence specific zinc binuclear DNAbinding protein, a Gal 4-type 47-kDa polypeptide has been shown to be a potential
transcriptional activator of most of the structural genes in aflatoxin biosynthetic pathway
(Chang et al. 1995, 1999 a, 1999 b, 2003, Flaherty et al. 1997, Woloshuk et al. 1994).
Absence of functional AflR protein inhibits aflatoxin biosynthesis (Matsushima et al.
2001 a, 2001 b). A second pathway regulator aflJ gene is found adjacent to aflR in the
aflatoxin gene cluster is and has a major role in inducing transcription of early pathway
genes like nor1 (Du et al. 2007, Cary et al. 2006, Meyers et al. 1998). Though several
studies have been performed on the function of the gene the exact role and the order of
expression of aflJ during aflatoxin biosynthesis are not known till date. In the present
study, aflJ is expressed by 14 dai in Va35 and 21dai in Mp313E by which time
significant levels of aflR could not be detected. Significant levels of aflR were found by
21 dai in Va35 suggesting aflJ is either upstream of aflR or is expressed independent of
aflR. Also by 21 dai, the early pathway gene nor-1 which mediates the first committed
step in aflatoxin biosynthesis pathway involving conversion of norsolorinic acid to
averantin (Chang et al. 1992) is expressed in Va35 (Figure 5D). This indicates that the
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onset of aflatoxin biosynthesis is perhaps earlier in A.flavus when growing on Va35 than
on Mp313E accounting for the high aflatoxin levels found in Va35 by Kelley et al.
(2009).
Several factors could be responsible for this resistance observed in the resistant
maize line Mp313E against both pathogen growth and performance. Microarray studies
performed to compare the genome profile of Va35 and Mp313E during A.flavus infection
have identified several differentially up-regulated genes (Kelley et al. 2009). Functional
cluster analysis using computational tool DAVID and QTL mapping performed on this
microarray data have identified potential candidate genes which could be involved in the
observed resistance of Mp313E against A.flavus infection (Thanthirawatte et al.
unpublished data; Kelley et al. 2009). Expression levels of genes AW330774,
AW330850, BE129611 and BE128894 increased by as early as 2 dai or 3 dai in Mp313E
(Figure 6A, 6B, 6C and 6D) corresponding to the time point when the fungal
quantification or growth also decreased (Figure 4). AW330774 is a hypothetical protein
having the EIN3 conserved domain suggesting a role in mediating ethylene signaling as a
transcription factor (Chang and Shockey 1999). BE129611 corresponds to an IAA13 auxin-responsive gene belonging to Aux/IAA family. While AW330850 is a predicted
transposon, BE128894 is indole-3-glycerol phosphate lyase1. Indole-3-glycerol
phosphate lyase (IGL) catalyzes the formation of free indole and its enzymatic properties
are similar to BX1, a maize enzyme that serves as the entry point to the secondary
defense metabolites DIBOA and DIMBOA (Frey et al. 2000). The upregulation of these
genes in Mp313E and not in Va35 positively suggests a probable role of the genes in the
early defense offered by Mp313E against A.flavus infection. However further studies
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need to be performed to conclude if and how these genes are involved in the defense
mechanism.
The study provides comparative analysis of Aspergillus flavus growth and
performance on susceptible and resistant maize lines while exemplifying the application
of qRT-PCR for relative quantification of fungal tissue using expression levels of housekeeping genes. The identification of 2 dai time point after which the fungal growth
further increases in susceptible Va35 and declines in Mp313E and the analysis of
expression profile of suspected defense genes provides further indication that these genes
might be involved in some way in defense against A.flavus infection exhibited by
Mp313E. Further studies on these genes can help predict their role indicating their
capacity to be used for developing potential markers for resistance.
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CHAPTER V
SUMMARY

The crucial findings of the studies conducted have definitely provided
advancement in the positive direction towards understanding the potency of plants to
encounter harmful biotic stresses involving pests and pathogens and offer resistance to
sustain infection. The studies have aided in understanding the different strategies
employed by naturally resistant maize genotypes in defense mechanism. The insect
resistant maize genotype Mp708 apparantly is primed to tackle fall armyworm herbivory
by constitutively expressing the defense protein Mir1-CP and inducing its accumulation
at the wound site. This seems to be achieved by a two-stage defense response where the
protein expression and accumulation is shown to be regulated either post-transcriptionally
or post-translationally. Phytohormones Ethylene and Jasmonic acid are both involved in
mediating the accumulation of the protein with Jasmonte acting upstream of ethylene.
This comprehensive knowledge of the signal transduction pathway involved and
regulation of expression helps in manipulating the gene and developing insect resistant
commercial maize varieties.
The studies involving fungal resistant maize genotype Mp313E have shown the
potency of the plant in resisting the A.flavus infection. Both the colonization and
aflatoxin accumulation were both observed to be reduced by the resistance mechanism of
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the plant. Also the difference in the expression profile of the vaious potentially resistance
related genes in the resistant and susceptible maize genotypes indicate the possible
significance of the genes in fungal defense. Such genes can be studied for any possible
SNPs and can be used to develop resistance markers to screen resistant progeny.
Thus the overall study serves to develop more resistant commercial maize
genotypes. Understanding and identigying the genes involved in both pest and pathogen
defense can help look for candidate gene or pathway involved in both the defense
mechanisms and can be used for developing hybrids resistant to both major types of
biotic stresses. Thus the study successfully serves to develop overall resistance of maize
plants against biotic stresses.
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